We investigate the alignment between outflow axes in nine of the youngest binary/multiple systems in the Perseus Molecular Cloud. These systems have typical member spacing larger than 1000 AU. For outflow identification, we use 12 CO(2-1) and 12 CO(3-2) data from a large survey with the Submillimeter Array: Mass Assembly of Stellar Systems and their Evolution with the SMA (MASSES). The distribution of outflow orientations in the binary pairs is consistent with random or preferentially anti-aligned distributions, demonstrating that these outflows are misaligned. This result suggests that these systems are possibly formed in environments where the distribution of angular momentum is complex and disordered, and these systems do not come from the same co-rotating structures or from an initial cloud with aligned vectors of angular momentum.
1. INTRODUCTION Multiplicity is common for both stars (e.g., Duchêne & Kraus 2013) and protostars (e.g., Chen et al. 2013; Looney et al. 2000) . While several scenarios have been proposed to explain the origin of multiplicity, fragmentation at early phases is generally regarded as the main mechanism (Goodwin et al. 2007 ). In particular, the turbulent fragmentation scenario, which proposes that multiplicity results from turbulent perturbations in a bound core, typically produces wide binaries with separation larger than ∼1000 AU (e.g., Fisher 2004) . In contrast, the disk fragmentation scenario, which proposes that fragmentation occurs in gravitationally unstable protostellar disks, produces relatively close binaries with separation typically within a few hundred AU (e.g., Kratter 2011) .
A number of theoretical works have studied the alignment between the spin (rotation) axes of binary/multiple (hereafter referred to as multiple for simplicity) components and the binary orbital axis in protostars and stars (Monin et al. 2007) . During the early stages of star formation, misaligned systems can be produced by turbulent fragmentation where the distribution of angular momentum is complex in the initial core, by dynamical capture in a small cluster, or by ejections in a multiple system (Offner et al. 2010; Bate 2012) . At later stages, misaligned systems can also be produced by effects that alter angular momentum, such as stellar encounters or precession (Bate et al. 2000) . Alternatively, aligned systems can form from a large co-rotating structure in a massive disk/ring (e.g., Bonnell & Bate 1994) or by fragmentation of a core whose angular momentum vectors are aligned. Aligned systems can also be produced via tidal effects during subsequent evolutionary phases (Lubow & Ogilvie 2000) . While (mis)alignment at late stages alone cannot provide clear clues in discerning between formation mechanisms, it provides a clearer discriminant at early stages.
Therefore, investigating the alignment between the spin axes of multiple components provides important guidance on the formation mechanism of multiple systems. Among early spectral type, main sequence binaries, most close binaries have aligned spin axes, while wide binaries exhibit misaligned spin axes (Howe & Clarke 2009 ). In T Tauri disks, a mixture of aligned and misaligned spin axes are observed in wide binaries (Jensen et al. 2004; Williams et al. 2014 ). In the protostellar stage, jet/outflow orientations provide important information for disk orientation since jets are always launched perpendicular to disks while disks are still deeply embedded in envelopes. However, compared to the studies at later stages, only a few studies have discovered misaligned jets in the youngest objects (e.g., Reipurth et al. 1993; Sandell et al. 1994; Chen et al. 2008) . To our knowledge, there have been no systematic and statistical studies of the (mis)alignment of protostellar outflows in proto-binary/multiple systems using high-resolution, interferometric observations.
In this Letter we investigate molecular outflows in nine wide multiple systems (projected separation > 1000 AU) located in the Perseus Molecular Cloud (distance = 230 pc, Hirota et al. 2008) . The data are from a large program with the Submillimeter Array (SMA): Mass Assembly of Stellar Systems and their Evolution (MASSES; Fig. 1 , and the 1σ noise levels per channel (channel width: 0.5 km s −1 ) and synthesized FWHM beams (parentheses show position angles measured from North to East) associated with each molecular line observation. The numbers in parentheses after the molecular transitions indicate the subfigure number where the molecular data is shown in Fig. 1 . e The center of each subfigure in Fig. 1 . f We present the data from the Extended configuration for Per33 published in Lee et al. (2015) .
PI: Michael Dunham, Lee et al. 2015) . These nine systems cover all the wide systems in the current MASSES sample and cover 70% of all of the known wide Class 0 multiple systems (some of these systems have Class I components) in Perseus (Tobin et al. 2016) . With outflows from 23 protostellar objects in these nine systems, they currently provide the largest, unbiased, interferometric sample of outflows in proto-multiple systems observed in the same molecular cloud complex with similar sensitivity, angular resolution, and spectral line coverage.
OBSERVATIONS
We present data from the Subcompact configuration with the SMA. The observations were carried out between November 2014 and November 2015. The observations were obtained in good weather conditions with the zenith opacity at 225 GHz around 0.1. We observed molecular lines and the continuum at 231.29 GHz and 356.72 GHz simultaneously using the dual receiver mode. The continuum measurements at the two different frequencies each have an effective bandwidth of 1312 MHz considering the upper and lower sidebands. High spectral resolution channels were configured for molecular line observations; smoothed velocity resolutions for lines presented in this Letter are the following: 0.5 km s −1 for 12 CO(2-1) (230.53796 GHz) and 12 CO(3-2) (345.79599 GHz), 0.2 km s −1 for C 18 O(2-1) (219.56036 GHz) and N 2 D + (3-2) (231.32183 GHz). We also used the 12 CO(2-1) from the Extended configuration published in Lee et al. (2015) for more clear outflow morphologies in Per33. The 1σ rms sensitivities of the 230 GHz continuum and 12 CO observations are summarized in Table 1 .
We used the MIR software package 1 for data calibration and data reduction. The uncertainty in the absolute flux calibration was estimated to be ∼ 20%. We used the MIRIAD software package (Sault et al. 1995) for data imaging. The synthesized FWHM beams for the Subcompact data are about 4.3 × 3.3 at 230 GHz and 3.0 × 2.2 at 345 GHz (see Table 1 for details). These resolutions are sufficient to resolve wide multiples (separation > 1000 AU) at the distance of 230 pc to Perseus. More details about MASSES observations, correlator setup, calibration, and imaging can be found in Lee et al. (2015) .
3. RESULTS 3.1. 230 GHz Continuum Table 2 lists the properties of the observed sources derived from the 230 GHz continuum. We observed 19 protostellar sources (listed as "Source" in Table 2 ) including 15 sources identified by a 1.1 mm Bolocam continuum and Spitzer survey (Enoch et al. 2009 ), SVS 13B and SVS 13C (Looney et al. 2000) , and two first hydrostatic core candidates B1-bN and B1-bS (Pezzuto et al. 2012) . Some of these sources contain multiple sources as revealed by higher angular resolution observations, and we list those multiples as "Object" in Table 2 . In total, there are 24 protostellar objects. Our 230 GHz continuum observations detected 22 of these 24 protostellar objects (except for Per41 and Per55).
These objects form nine wide multiple systems with separations larger than 1000 AU. Several objects (Per18, L1448N-B, L1448N-NW, SVS 13A1, Per12, IC348 MMS) Bachiller et al. (1998) . The angles and uncertainties were determined based on manual identification from multiple people. e Velocities of sources obtained from fitting of C 18 O(2-1) or N2D + (3-2) spectra averaged over one synthesized beam at continuum peaks. B1-bN and B1-bS used N2D
+ , and the rest used C 18 O. f Per41 and Per55 are not detected at 230 GHz continuum. The coordinates reported here are from Enoch et al. (2009) . g SVS 13A1 and SVS 13A2 are not resolved in the continuum map and appear as one extended structure. We fit two Gaussian profiles to obtain the reported coordinates. h Per12 (NGC1333 IRAS4A) contains two sources, 4A1 and 4A2, and each drives an outflow (Choi 2005) . We use the outflow from 4A2. i The velocity could not be obtained due to poor signal-to-noise ratios in the spectrum. j C 18 O observations were not performed due to correlator issues.
contain close binaries with separations less than a few hundred AU (Tobin et al. 2016) . In this Letter we focus on the properties of the wide systems and regard each close system as one source with properties based on our 230 GHz continuum observations. The position, peak intensity, and total flux density of each object were obtained by fitting a Gaussian to the 230 GHz continuum images. We derived the masses of the envelopes using the equation (assuming the 230 GHz dust emission is optically thin):
where S ν is the total flux density at 230 GHz, d is the distance to the object (230 pc), κ ν is the dust opacity derived from κ ν = 0.1 × (ν/10 3 GHz) β cm 2 g −1 (Beckwith et al. 1990 ) with an assumed gas-to-dust ratio of 100, and B ν (T ) is the blackbody intensity at dust temperature T. We assumed a dust temperature of 30 K and β = 1.2 (e.g., Jørgensen et al. 2007; Sandell & Knee 2001) . The masses range from 0.01 M to 1.5 M (Table 2). The uncertainties of these mass estimates are at least a factor of 2 due to the choices of dust opacity, dust temperature, the gas-to-dust ratio, the beta value, and resolved-out contributions from emission at larger scales (e.g., Dunham et al. 2014 ). Figure 1 shows outflows from the nine wide multiple systems. We inspected both 12 CO(2-1) and 12 CO(3-2) maps for each object and show the molecular line transition that presents the clearest outflow morphologies. We identified outflows primarily based on our 12 CO data; we also investigated Spitzer-IRAC 4.5 µm images (Jørgensen et al. 2006 ) to examine scattered light from outflow cavities and confirm the identifications. The majority of the objects have clear blue-and redshifted emissions offset from the protostar in position (hereafter "blue-lobe" and "red-lobe") including Per16, Per28, Per26, Per42, IC348 MMS, L1448N-B, L1448N- A, L1448N-NW, Per41, NGC1333 IRAS4B, and Per49. IC348 MMS2 shows detection in the blue lobe toward the north-east, a feature also observed in Palau et al. (2014) with a consistent position and velocity range. NGC1333 IRAS4B' shows a weak outflow in the E-W direction, consistent with the detection in Hull et al. (2014) . The outflow identification of Per18 is based on the strong red lobe as a jet-like morphology is also observed in the IRAC 4.5 µm image with an orientation consistent with the red lobe. The blue lobe of Per21 exhibits an arc shape, while the red lobe is less clear and is not symmetric about the source. The IRAC 4.5 µm image of Per21 shows clear outflow structures that agree with the identified orientation based on 12 CO. SVS 13B shows a red lobe approximately in the N-S direction, and Bachiller et al. (1998) observed a blue lobe in the velocity range from -17 to 6.5 km s −1 with a consistent orientation. SVS 13C has overlapping blue and red lobes along the line of sight, suggesting that the outflow is pole-on. We used identifications from the literature for a few objects where we do not observe clear outflow morphologies in the 12 CO maps. B1-bN and B1-bS exhibit complicated CO outflows, particularly in the redshifted emissions between B1-bN and B1-bS (Hirano & Liu 2014) . We used the H 2 CO and CH 3 OH observations in Gerin et al. (2015) , which showed two clear outflows in approximately E-W directions. Per12 (NGC1333 IRAS4A) contains a close binary, 4A1 and 4A2, and each source drives an outflow (Choi 2005) . We used the position angle of the outflow from A2 since it is stronger than the outflow from A1 (Santangelo et al. 2015; Ching et al. 2016) . For SVS 13A1, we used the identification from Bachiller et al. (2000) , which was based on the 12 CO(2-1) outflow sensitive to extremely high velocities and a 
Outflow Identification
a Escape velocity in this two-body system. b Difference in the velocities of the two sources (see Table 2 ). c Difference between the position angles of two outflows (see Table 2 ).
chain of Herbig-Haro objects in HH 7-11. Table 2 lists the position angles of the identified outflows associated with each object. We used C 18 O(2-1) and N 2 D + (3-2) data to obtain the velocity of each object. Our data show that N 2 D + peaks coincide well with continuum peaks in FHSCs, while C 18 O peaks coincide well with continuum peaks in Class 0 and I objects. This is expected from chemistry since CO is evaporated to detect and destroys N 2 H + /N 2 D + in more evolved sources, while insufficient CO is evaporated to detect for FHSCs. Therefore, we used N 2 D + to obtain the source velocity for B1-bN and B1-bS and used C 18 O for the rest of the objects. Each source velocity was obtained by fitting a Gaussian profile to the spectrum averaged over one synthesized beam at the continuum peak. The source velocities are listed in Table 2. 4. IMPLICATIONS 4.1. Gravitational Boundedness Dynamical interactions play a crucial role in the alignment of multiple systems (Monin et al. 2007) . To better understand the dynamics in our sample, we investigated gravitational boundedness in each system. We calculated the escape velocity for each binary pair in a two-body system: V e = 2G(M 1 + M 2 )/∆d, where G is the gravitational constant, M 1 and M 2 are the masses of the two objects in a pair, and ∆d is the separation between the two objects. We used the masses calculated in Table 2 for M 1 and M 2 . The projected separations and the resulting escape velocity are listed in Table 3 .
The velocity difference (∆V ) between two objects in a pair is calculated based on the source velocities in Table 2; the results are listed in Table 3 . These results show that the majority of the pairs have V e larger than ∆V by a factor of 2 − 3, implying that most systems are bound. However, this comparison is highly uncertain due to several factors. First, the separations we used in the formula are the projected separations, which Table 3 .
likely under-estimate the actual separations. With actual separations being larger, the systems would be more unbound. In addition, the derived ∆V only considers components along the line of sight; components in other directions would increase the differences in the velocities, and the systems would be more unbound. Furthermore, the envelope mass estimates are uncertain by a factor of at least a few due to the choices of dust temperature and dust opacity (Sect. 3.1), and the masses from the central protostars are not included in the envelope masses. By including the masses from protostars the total masses could increase by a factor of two or more. The mass estimates also suffer from spatial filtering and do not have contributions from large scales. We argue that the level of contributions the interferometric observations resolve out are similar in both M 1 and M 2 , and our V e estimates based on these masses would be lower limits considering this effect. An increase in the masses would cause the systems to be more bound. With these uncertainties, the estimates of escape velocities can easily be altered by a factor of a few.
Considering these uncertainties, we speculate that the systems with V e > ∆V may be soft binaries (loosely bound) or intermediate binaries (between loosely bound and tightly bound; Reipurth et al. (2014) ). Soft binaries are likely to be destroyed by an encounter (Moeckel & Clarke 2011) . Intermediate binaries may be disrupted or may survive depending on the details of the individual dynamical history (Parker & Goodwin 2012 ).
Outflow Orientation
When comparing the differences in outflow orientations, we consider all the possible pairs in each system with separations larger than 1000 AU and less than 10000 AU (Tobin et al. 2016) . Table 3 lists the difference in the outflow orientation for each pair (∆θ) derived from the data in Table 2 . To investigate if the distribution of observed outflow orientation differences, which are projected on the plane of the sky, reflects particular intrinsic distributions in the 3D space, we performed Monte Carlo simulations considering three distributions in 3D: tightly aligned (outflows orientation differences less than 20
• ), random, and preferentially anti-aligned (outflow orientation differences between 70
• and 90 • ). We then project these outflows generated in 3D onto the plane of the sky in 2D. Figure 2 shows the cumulative distribution functions of the projected outflow orientation differences from the three distributions in 3D. The black solid line shows the observed data of outflow orientation differences from Table 3. We performed Kolmogorov-Smirnov (K-S) tests with three null hypotheses: the observed distribution is the same as the tightly aligned, random, and preferentially anti-aligned distributions, respectively. The pvalues from the K-S tests are 1.5 × 10 −10 for the tightly aligned distribution, 0.18 for the random distribution, and 0.5 for the anti-aligned distribution. By adopting a significance level of 0.05, we reject the null hypothesis that the observed distribution is the same as the tightly aligned distribution. However, we cannot reject the other two null hypotheses. This result suggests that the outflows in these multiple systems are misaligned.
Provided that most of our objects are at the youngest Class 0 stage, our observations are likely the best available probe of the initial conditions of wide multiple formation. Our K-S test results suggest that members of these wide multiple systems do not come from the same co-rotating structures, or from an initial cloud with aligned vectors of angular momentum. The results suggest that these wide multiple systems likely formed in environments where the distribution of angular momentum was complex and disordered. One major possibility for such an environment is turbulent fragmentation, where the distribution of angular momentum has spatial variations (Bate et al. 2000) . In this case misaligned outflows are expected in wide systems (Bate 2012; Offner et al. 2011) . Another possibility is dynamical interactions such as dissipative star-disc encounters via capture of a passing object, typically with a different direction of angular momentum (e.g., Clarke & Pringle 1991) . However, this is less likely since the frequency for such favorable encounters is low (Tohline 2002) .
